ECC is a pseudo-strain-hardening, highly ductile cementitious composite. However, the major studies on this material have been limited to laboratory scale without experience in full-scale plants. Thus, practical applications of ECC have not been previously investigated. In the current study, full-scale processing experiments were executed, and mechanical and fresh properties were tested, where emphasis was placed on two types of tensile test. It was thus proven that ECC can provide excellent fresh and mechanical properties in full scale production, and a statistical basis for determining tensile property specifications was provided. Furthermore, it was found that flexural tests can be utilized for inspecting tensile properties in daily production. These experimental data were reflected in an actual building construction project that was designed to utilize ECC structural elements. As a result, ECC element production was successfully achieved with the required quality in this project.
Introduction
Engineered Cementitious Composite, ECC, is a pseudo-strain-hardening ductile cementitious composite 1 ) . Pseudo-strain-hardening behavior is characterized in tensile stress-strain relation where stress increases gradually under large strain development. This new material exhibits a maximum tensile strain of several percent owing to the synergetic effect of high-performance polymer fiber and specifically designed mortar matrix. Unprecedented high-performance structural members can be expected when ECC is applied to seismic components 2) . However, the large number of worldwide studies on ECC presented so far have been limited to laboratory scale without experiences in full-scale plants. Production technology also lacks knowledge of performance standards necessary for designing ECC members; there have been insufficient discussions on how to refer to the design standard on tensile properties or how to control the material processing in actual construction. These problems have been the principal obstacle to practical applications and needed to be quickly resolved.
This paper describes the full-scale production of selfcompacting ECC with PVA fiber 3) , 4) , and shows that quality assurance of fresh and mechanical properties of ECC in the plant is highly reliable, and that its tensile properties can be verified by a simple test. A statistical evaluation of tensile properties and knowledge of performance standards indispensable to the design of ECC structural members are presented. Two types of tensile test were executed, and the characteristics and mechanical performance under tension are discussed. The applicability of the tensile property control by a flexural test in production is proposed in comparison with the tensile tests. These experimental data are reflected in an actual building construction project that is designed to utilize ECC structural elements. ECC element production is shown to be successfully achieved with the required quality in this project.
Experiment 2.1 Objectives and test parameters
ECC production has been poorly documented except for a few reports on a full-scale mixing test 4) . This study aims to obtain knowledge on quality assurance in full-scale production by a trial production in pre-cast concrete plants on a large scale.
The test items and parameters are shown in Table  1 . and their combination is shown in July 5, 2006 ) experiments were executed in two pre-cast concrete plants equipped with Omni mixers with a capacity of 1 m 3 and 0.5 m 3 . Batches of 0.8 m 3 and 0.4 m 3 were mixed, and the total of 15 mixes were subjected to fresh and mechanical property tests as shown in Table  2 . Types of cement, ambient temperatures (in plant) at production and pre-cast concrete plants were varied. Ordinary portland cement (OPC) and moderate-heat portland cement (MPC) were used. OPC was a major cement type in this experiment while MPC was also examined for its better fluidity. E x a m i n a t i o n o f t h e a m b i e n t t e m p e r a t u r e i s necessary for stable ECC production without regard to season. Experiments were executed in spring (May, temperature 17 to 20°C) and in winter (November, temperature 9 to 16°C). The pre-cast concrete plants were located in the Kanto area (near Tokyo) and the Tokai area (near Nagoya), and are hereafter denoted as Plant 1 and Plant 2, respectively. The material suppliers and manufacturers, and a lot of the major raw materials such as cement, aggregate and fly-ash for the two plants differed. The cement manufacturer was the same but the cement lots used in each plant were uncontrolled. Fly-ash products used were type II, as specified in the Japanese Industrial Standard (JIS) A 6202 and they were stored in each plant. However, their original power plants were different and hence their properties were subjected to change. The aggregates used in each plant came from different areas. The air content varied from 6 to 14 percent, a controllable manufacturing range, with an air-entraining agent. This was done to determine the effects of air content variation on the fresh state and the mechanical properties, although the designed air content was 10 percent.
Mix proportions
The mix proportions used in this study are shown in Table 3 ., where Mix-N is based on the literature 4) and the Mix-M is nearly the same as Mix-N except for the substitution of OPC with MPC. These two mixes showed self-compacting fresh properties in laboratory mixing 3) , and slump flow values of over 500mm. A CSA-type expansive agent and an alcohol-type shrinkage reducing agent were admixed with each mix assuming a large unit water content.
A bio-saccharide-type viscous agent was also applied to provide compatibility between fluidity and fiber dispersibility. In addition, a polycarboxylic-acidbased superplasticizer was simultaneously used. The fiber was PVA with a length of 12 mm, a diameter of 0.04 mm, tensile strength of 1690 MPa and an elastic modulus of 40,600 MPa.
Test items
The test items and methods are listed in Table 4 . Fresh properties and compressive tests were based on the standard method specified in JIS while uniaxial tensile tests were based on two methods tentatively The two tensile tests have distinct features. In the TC tensile test 5) , a plate shaped specimen is directly supported by pneumatic chucks and subjected to tensile loads with hinge or fixed boundary conditions as shown in Fig.1 . This method is easy to execute, can deal with a number of specimens in a limited time and has large accumulation of past records. However, it has been pointed out that test results have often shown considerable scatter probably because of the difficulty to precisely align the loading axis with the specimen center axis. It is also pointed out that the thin plate-shaped specimen section is likely to cause 2-dimensional fiber orientation, resulting in overestimate of tensile properties.
The TP tensile tester in Table 4 . is an improved version of the TC tester 4), 6) . As seen in Fig.2 ., a larger specimen with a cross section of 60 x 100 mm was used to eliminate the 2-dimensional fiber orientation (refer to literature vi for more detail) and was expected to provide a more precise tensile performance of ECC in a structure. The TP tester can also use hinge or fixed boundary conditions, but its chucking mechanism is different from that of the TC tester. A steel rod fixed to a plate bonded to a specimen is directly chucked by the compression tester to ensure precise matching of the two axes. However, the TP test requires a larger specimen and hence longer preparation time than the TC test, making it difficult to adapt to a quality control routine test in the production of ECC components. This study aimed to obtain a tensile performance of ECC necessary for full-scale production by statistical analysis of the test results obtained from two different test methods. The tensile performance results were expressed in terms of two parameters: tensile strength and ultimate tensile strain. The tensile strength is the maximum stress obtained in a test and the ultimate tensile strain is the point where stress begins to decrease continuously with increase in strain. More than five specimens were tested in each batch and data of a minimum of three specimens, excluding the highest and lowest values, were subjected to analysis.
The flexural test is a modified version of the normal bending test, newly published in JCI-S-003-2005 7) . The test method is outlined in Fig.3 . Specimens with dimensions of 100 x 100 x 400 mm were subjected to 3-point equivalent loading. Strains at two points in the central flexural zone of 100 mm were measured, and the flexural curvatures calculated with the strains were recorded with the corresponding loads.
Tensile Performance Prediction
This study aims at applying the flexural test to the quality control of tensile performance of ECC components at the manufacturing process and at establishing a method for predicting tensile performance from flexural test results. The prediction method originally proposed by Kanakubo et al. 8), 9) is to predict ultimate tensile strain ε u and tensile strength σ max from the maximum moment point in the momentcurvature relation obtained from a flexural test. This study introduces conversion factors to calibrate flexural test results with those in TP tests as follows.
where D is the height (mm), E is the elastic modulus of ECC (N/mm 2 ), φ u is the curvature at the maximum moment determined by flexural test, and α s and α e are the conversion factors of strength and ultimate strain respectively, which are newly introduced in this study. x n1 can be obtained from the relation between measured load and curvature and is a solution to the following equations (3) and (4) . M max in equation (3) is the maximum moment by experiments, and B is the width of a specimen.
Equations (1)- (4) are derived on the assumption that the stress and strain distributions shown in Fig.4 . form within the cross section of a specimen under flexure 6) , i.e., modeled in triangular distribution for compressive stress and uniform distribution for tensile stress (x n1 =x n / D). To ensure this tensile stress distribution, the ECC stress-strain relation was assumed to behave as perfect elasto-plastic type.
It is important to note that the α s and α e values may vary according to the material properties, size of the flexural test specimen and loading conditions. This dependency originates from the fact that flexural performance is a structural performance strongly sensitive to specimen size and loading conditions while tensile performance by nature can be regarded as a material property 10) . Thus, the prediction of tensile performance by means of a flexural test should be executed with special care of the targeted materials, and the values of α s and α e may vary depending on the flexural test conditions. At the present technical levels, the conversion factors α s and α e may not be derived theoretically and may be reasonably treated as experimental parameters. This study aims at obtaining these conversion factors by comparing the flexural and tensile test results.
Experimental Results

Mixing and fresh properties
Mixing was executed with an Omni mixer as shown in Fig.5 ., and the resulting fresh properties are shown in Table 5 . The air contents of the fresh mortar ranged from 6 to 14 percent as expected. Flow values were generally more than 500 mm, thus demonstrating excellent fluidity. The casting process necessitated no vibrators in the form. No distinct changes in fluidity were observed with different air contents, showing that the effects on fiber dispersion were small.
The effects of ambient temperatures and cement type were found to be small in this experiment, which may be attributed mainly to the use of hot water of 30°C for the mixing in winter at Plant 1. Consequently, the fresh temperatures immediately after mixing varied little with the season, so that the fluidity and the fiber dispersion exhibited no differences. It was confirmed that special care with the mixing water temperature and hence control of the mixed temperatures led to stable fresh and hardened properties. When the ambient temperatures exceed 30°C, which did not occur in this experiment, the fluidity of the N-mix is expected to decrease. For this case, M-mix may be recommended. fluidity in P2N1 has not been identified. However, it may be due to an inappropriate combination of constitutive material products, e.g., cement, fly ash, viscous agent, and superplasticizer. This result implies the importance of initial checking of constitutive material combination by trial mixing. As a result, it is still indispensable for ECC to execute test mixings prior to manufacture because variations in properties are sure to occur in different plants.
Mechanical properties
A series of test results of mechanical performance are shown in Table 6 ., including mean values of compressive strength and elastic modulus. All the recorded values are the means of the measured values of three specimens. As shown in Table 6 ., compressive strength and elastic modulus ranged from 24.0 to 37.4 MPa and 12.3 to 17.2 GPa, respectively, thus demonstrating considerable variation by batch.
Tensile stress-strain curves obtained from TC and TP tests (P1N6) are shown in Fig.6. and Fig.7 ., respectively. Both TC and TP test results clearly indicate pseudo-strain-hardening characteristics, where stress increases gradually under large strain development. Mean values of tensile performance by batch are also shown in Table 6 . It is shown that the results of the TC tests were generally greater than those of TP tests.
Results of flexural tests are shown as a relationship between flexural stresses and curvatures in Fig.8 . The deflection-hardening characteristics are clearly exhibited; early-stage elastic behavior is followed by stiffness reduction due to cracks, and in the later stages, resistance to applied loads is maintained at large flexural curvatures.
Discussion of Experimental Results
Effects of experimental parameters
Effects of ambient temperature, cement type and difference in plant on mechanical properties of ECC are shown in Table 7 ., where the mechanical properties are represented by the mean of all specimens. It is seen in Table 7 . that the effects of ambient temperature were small and that stable mechanical performance can be achieved with control of mixing temperatures within the temperature range of this experiment.
As seen in Table 7 ., compressive and tensile strength of N-mix with OPC are both 10 to 15 percent greater than those of M-mix. This is reasonable because the hydration rate of MPC is less than that of OPC, while the effect of cement type on the ultimate tensile strain is generally small in this experiment.
The different mechanical properties obtained from the two manufacturing plants are shown in Table 7 . The ECC produced in plant 2 shows 20 to 30 percent lower compressive strength, tensile strength, and elastic modulus than that in plant 1. This leads to lower fracture toughness of the mortar matrix in plant 2 than that produced in plant 1 and agrees closely with the larger ultimate strain observed in the experiments. The different mechanical responses of ECC from the two plants are still unclear from the experiment, but the reactivity of the fly-ash is a possible cause.
Effects of air content variations
Effects of air content on tensile properties obtained in the TP tests are shown in Fig.9 . Fig.9 .(a) demonstrates rather weak correlation between ultimate tensile strain and air content, showing a correlation coefficient of less than 0.4. Furthermore, variation in air content appears to show negligible effects on ultimate tensile strain. Similar trends are found in tensile strength, as shown in Fig.9.(b) , while the correlation coefficient is larger than for tensile strain capacity. The results in TC test show similar weak correlation and influence with different air content levels. As a result, the effect of air content on ultimate tensile strain and tensile strength appears to be negligible.
Statistical evaluation and specified design material properties
Statistical data of tensile performance in the TP test are shown in Table 8 . This test is regarded to represent the behavior of the ECC component, where specified material properties applied in design can be obtained. The ultimate tensile strain and its lower limit allowed a 4-percent defective for 3 mixes, N and M mix in plant 1 and M mix in plant 2, are listed in this table. As shown in this table, the lower limit of ultimate tensile strain for each mix is approximately one percent. Furthermore, the lower limit of tensile strength for each mix is approximately 3 MPa. Because the lower limit represents a material performance that can be assured, specified material properties of ECC manufactured in this study can be set as one percent for the ultimate tensile strain and 3 MPa for the tensile strength.
It should be noted that ECC tensile mechanical properties tend to exhibit rather strong size effects, as demonstrated in Fig.10 . and explained in the next section. However, research results in the literature show that tensile mechanical properties obtained from TP tests can be utilized to predict shear and flexural performance of structural beam elements 11) while results of TC tests lead to overestimating of structural performance 12) . Hence, the specified material properties in the above are considered for the structural design of ECC elements.
Quality control of tensile performance
There are two ways to check whether the above specific material properties are achieved in the production of ECC members. One is the TC test. In this study, 6 specimens per hour could be tested in the TC test, while the maximum for the TP test was 6 specimens per day. Thus, the TC test, which is easy to execute, is preferable for quality control to the TP test, which requires considerable time and care, provided that the mean value for the test is not less than the control value. The applicable range of this quality control method, however, should be specified taking account of the difference in the mean and the standard deviation with respect to the TP test. This difference is demonstrated in Fig.10 ., where the TC test exhibits ultimate tensile strain and tensile strength 1.5 and 1.3 times greater than those of the TP test on average. This may be attributed to the size effect of the specimen and to the fiber orientation in the specimen because the specimen size was smaller in the TC test. It is also shown in Fig.10 . that the standard deviation of tensile performance in the TC test was greater than that in the TP test. This may be attributed to the precision in aligning the loading axis with the specimen center axis; precise chucking is possible in the TP test but not in the TC test, where direct pneumatic chucking often fails to center.
The other possible quality control method is the flexural test, which is more realistic than the TC test. For the ultimate tensile strain and tensile strength, flexural test data analyzed using Eqs. (1) to (4) are compared with those of the TP test in Fig.11 . In this analysis of flexural test data, α s and α e were set to unity for the initial values. It is shown that both ultimate tensile strain and tensile strength of ECC can be evaluated on the safe side by multiplying by a conversion factor of 0.7 on the basis of flexural test and associated analysis. This means that the conversion factors α e and α s in Eqs. (1) and (2) can be set to 0.7. Taking into account the ease of execution and simplicity of the apparatus, the flexural test may be the most realistic solution for quality control.
As explained in the previous chapter, theoretical derivation of the conversion factors is rather difficult at this moment. A brief remark based on mechanics is presented as follows. A conversion factor α e for ultimate tensile strain reflects easier multiple crack formation under flexure than under tension. When the ultimate flexural load exceeds the initial cracking load during flexure, an increase in flexural deflection is accompanied by multiple fine cracking between the loads. This phenomenon is known as deflection hardening, which is demonstrated in Fig.8 . Deflection hardening, although it looks similar to strain hardening under tension as shown in Fig.6. and Fig.7 ., occurs under milder mechanical conditions than strain hardening. A straightforward example is the analytical consequence by Naaman 13) that, when compressive strength is high enough, the tensile strength of a composite necessary to show deflection hardening is Table 9 . Inspection Outline in Processing Fig.12 . Application of ECC Coupling Beam one third of the strength of matrix cracking. When strain hardening occurs under tensile loading, the tensile strength of the composite material should be greater than the matrix cracking strength. It is important to note the difference between deflection and strain hardening since multiple cracking occurs more easily under flexural than under tensile loading. The conversion factor α e representing the difference in conditions of multiple crack formation in flexure or in tension has a meaning that reduces the ultimate strain predicted from a flexural test.
The other conversion factor α s represents the difference between tensile stress-strain relations assuming perfect elasto-plasticity in the derivation of Eqs. (1)- (4) and reality. As can be seen from Fig.6 . and Fig.7 ., the stress-strain relation of ECC can in general be approximated as bi-linear where stress increases gradually after initial cracking. The predicted tensile strength presented in this study was based on the perfect elasto-plastic model and is likely to be greater than that obtained in the TP test 14) , and an error that may be involved in the assumptions of the stress-strain relation forms a part of α s .
Application in Structural Element 6.1 Outline of application and inspection
Based on the prescribed experimental results, reinforced ECC structural elements (R/ECC elements, hereafter) were first applied in building structure as shown in Fig.12 . This application utilized R/ECC in a coupling beam connecting two structural walls in a 27-story high-rise reinforced concrete building 93m high. The coupling beam was 500mm wide by 900mm high in cross section, and 1650mm long.
Structural features in this application are referred to the literature 15) . These elements were produced one piece per day, for which ECC was mixed with an Omni-mixer in plant 2 as shown in Fig.5 . The adopted mix proportions followed Mix-M shown in Table 3 . Production started in November 2004 and was completed in June 2005. Element products and specimens for inspection were steam cured as for the full scale production experiments, and then cured in a stock field for at least 56 days.
The quality inspection process was determined as shown in Table 9 ., where lower bounds of tensile properties were adopted at 2 N/mm 2 for strength and 0.5% for ultimate strain, which were identical to the specific values adopted in the structural design of the elements. For safety, these lower bounds were set for larger variation than that in the results of Table 8 . Tensile properties were inspected by flexural test and the results in Fig.11 . are reflected in this inspection process. For compressive strength, lower bound of 36 MPa, which is required from necessity in structural design, is higher than the results in Table  6 . This discrepancy was allowed for by adopting two operations, a) extending the testing age to 56 days, and b) decreasing the fly-ash weight ratio in the binder to 0.15.
Results of inspection
In the actual processing, all inspection items were satisfied. The results of fresh property inspection are depicted in Fig.13., Fig.14., and Fig.15 ., where all fresh inspection data are within the specified range. Mechanical property inspection results are shown in Fig.16., Fig.17 ., and Fig.18 . All mechanical data satisfied the specification in Table 9 . In the 58 days of production, the lowest magnitudes were: 36.3 MPa in compressive strength, 2.37 MPa in tensile strength, and 0.59% in ultimate tensile strain. The lowest compressive strength data were found close to the approval limit, as shown in Table 9 ., despite of the prescribed two operations. To decrease risk, it appears appropriate for future project to further extend the test age or to decrease the specific compressive strength. Table 10 . summarizes the tensile property inspection results. It shows that the statistical trend of tensile strength inspection data is similar to that in the full scale processing experiment shown in Table 8 . However, the mean ultimate tensile strain in Table 10 . is lower than the corresponding value in the full scale experiment shown in Table 8 . This leads to higher risk of failure to meet the specification than expected from the full scale experiment. Major sources of this lower mean value have not been clarified at this stage. However, possible instability may result from wider variation in fresh temperature, as shown in Fig.15 . (17-35 deg.), than that described in Table 5 . (23.5-32 deg.). Including fresh temperature control, any further improvement in processing procedure for increasing material reliability is appropriate for future projects. This improvement operation remains for future study.
Conclusion
This study focused on full-scale production of ECC. First, an extensive full-scale processing experiment was conducted using actual facilities of pre-cast element manufacturers, where associated ECC properties were clarified in tests. As a result of the fullscale experiment, it was found that ECC with high mechanical performance and excellent fluidity can be produced in full scale along with that produced in the laboratory. The results of this experiment indicated that 1 percent ultimate tensile strain and 3 MPa tensile strength can be achieved with high statistical confidence based on tensile tests on prism specimens (TP test) that are believed to reflect the actual behavior of ECC components.
Furthermore, tensile performances obtained in these TP tests were indicated to be reasonably reproduced using standardized flexural tests. This reproduction was successfully achieved by introducing a conversion factor of 0.7 for both tensile strength and ultimate tensile strain. This conversion factor was identified from comparison between tensile tests and flexural tests. As a result, it was shown that flexural tests can be utilized for ECC's tensile quality inspection in industrial production.
The above experimental results were fully reflected in determining specifications in applying ECC to a high-rise building construction project. This project facilitated R/ECC coupling beams and is the first application example of R/ECC structural elements in building structures. Daily fresh test results confirmed with confidence that inspection data satisfied the specification. Furthermore, standardized flexural test data showed that tensile properties in daily production attained the level required by the specification. However, tensile property margins for this were lower than expected and operations to increase confidence appear necessary for future projects. Discussion on this improving operation remains for further study.
